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Non-Magnetic Corrosion Resistant 
High Strength Steels 



Th.s invention relates to non-magnetic corrosion resistant high 
strength steels. More especially, but not exc.usive.y, the invention relates 
to steels suitable for use as non-magnetic components in directional drilling 
of oil and gas wells. 

When deep well drilling, long tubular drill collars are located at the 
lower ends of drill strings to provide weigh, and rigidity. Lengths of these 
cellars are typically between 1 and 10 metres and their diameters ere 
typically between 8.75 and 32.5cm. Each such collar inc.udes a centra, 
ax,al hole of diameter rypicelly between 5.75 to 12.75 cm which allows 
drilling fluid to pass dawn ,he string to me well base. This fluid 
subsequently, returns to the surface outside the drill collar and string 
Threaded ends allow the collars to be secured to one another and to other 
components of the string. Dimensional and mechanical property 
requirements are laid down in API 7 Section 6. 

I< is often desirable to include instruments near the bottom of the drill 
strrng to enable the angle and direction of drilling ,o be measured accurately 
The proximity of a large ferromagnetic mass is such instruments is clearly 
undesirable. When instruments are to be employed, low alloy steels 
conventionally used for the manufacture of drill collars have been replaced 
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witn s.ee,s having „„ m agne«lc pe m .abi.i«y. Precipit^on h^dened „,o^l 
lopper ailoys and special — stainiess s,ee,s have haen a 
JLu* aa replacement eteels. Tha strength requirements to, dnll coUara 
ZZ 0.2% Proa. strength in excess o. 100 k si ,690 mPai, cannot ha 
ZZZ wHh a nicte, copper a„o V or wi* standard chromium ntt- 
?*. -300- series avan whan annaa,ad. and wh«a auch steels can ha 
Lengthened hy cotd awning.' ft. degree c, deformation reared ,a 
S p ILve. especial., in the iarge aectiona involved. Moreover jorne 
tandard nic.e, chromium ataeia have auatenitic atructurea of l,m,ted s.ab,„ty 
and can have their magnetic permeabimy increased by deformation. 
Coneeguently. a aariaa of special atea. gradea waa developed <o. th,s 
specialised application, fteee having anaiyaea typified hy steeie A and B 
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,n these steals, yield strength is increased by the presence of 
rel a,iveiy high nitrogen contents. This presence aiso increaaea strarn - 
ardening rate, as does the reduction in nicKe, content. The reiatrveiy h^ 
m anganaae levels are necessary to retain the high nitrogen contents du ng 
normal meidng, casting and solidification at atmospheric pressure, and Iso 
t0 improve the stability of tha aus.enitic structure. A low carbon content 
1 e sary to limit the formation of chromium rich carbides dunng 
processing; the presence of such carbides can adverseiy reduce resistance 
o corrosion. Even with these special steeia, some stram her ng 
necessary ,0 generate the required strength. This can. however, he , a ,.y 
evedeven,nthe,argestsec,ions.byde,orma,ionat«empe,atureshelow 
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that which produces auto-recrystallisation. 



S.eeis A and 6 therefore provided the required yieid strength, bu, 
at the expense of other desired properties. 

and tne J^tT Pr ~' " 

and *. aiioyng balance must be such ,ha, ,he structure is both free fro m 

deita femte end wii, no, be destabiiised by deformabon. A ^ 
me *° dS h3Ve b8e " P ~ * Which the structure of a ste lay b e 

r;r ,ro : r co ~ The - 3,1 — — - - „ 

mo those wh,ch ac, similariy ,o chromium and those sMiarly t0 „ icke 
ach was allocated an equ , vaIence factQr ^ t ^ 

f these two vaiues on a diagram is reported to show structure 12 
ome ,nd,ca,ion of the propels o, phases in . mult , phase ^ 
■agrams are used with some success within certain composition ran es 

have proved ,ess successfu, eisewhere. One obvious inaccuracy is 
ame egu.vaience vaiues are used whether austenite-ferrite bou d " 

aus,en,,e martensite boundaries are being predicted, which cJZZ 

joints SIT"' ^ S ' eelS *" SWn9S iS * »• «■»— 

joints. Such joints must be made at hint, ♦ 

1 ",. r ■* * """" ■• »— «™ ., 

surfaces moving relative to or«A an «tk« ^ 9 

— ~, ., :~ :r 

between components after i ico ti,^ J 1 



■„ .his respec, to more conventions. 300 series stainless steeis. improved 

C. This composition is now widely used. 

• h 37a rd is that of corrosion. Drilling fluids used are 
A further service hazard is max o i 

rlCthe hydroxy, ion. Thus the aveiiabiiitv o, dissolved oxy 9 en w, 
„, o , e rate o, corrosion possible; because the source of oxygen ,s he 
l e e. dissolved oxy 9 en o, the fluid wi» be controiied by * 
l is and procedures. ,t is usuaiiy low enou 9 h tor there ,0 be few 
rims with low alloy stee, components. With these, any corros, ,s 
raMn nature and therelore. with iimited oxy 9 en avaiiability the resu,,,n 9 
general char 9 es in dimension are small and tolerable. 

Corrosion of s,ain,ess steels in more alkaline solutions does not 
occur because o« the presence o, a stable oxide fllm on the surface th 
fi, ml In the presence of certain dissolved salts, and notably 

i * :z .» ^ M ,oca„ y — * ^ 

W A,,hou 9 h total corrosion rate is slower than for a low alloy stee n 
I same environment, the local penetration can be mora rapid, such Im 
Celdown is mora My within crevices where i, can spread to be 9 ene a 
12 the conlines o, the crevice. Oxy 9 en is necessary to, such corros o 

La and p,opa 9 a,e and probability is more likely with h, 9 her con, 
of chloride and/or bromide and oxy 9 en. Probability is also 9 reater a he, 9 

flutes as can apply downhole. Thus some corrosion is poss.le w,th 
Z n-ma 9 nedo steals dependin 9 upon service conditions but. wdh co,,ar, 
2 as ra a,y been o, conscience, the pits bein 9 o. limited s,te and 
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occurring in large sections. 



Localised corrosion can be of more consequence in the non- 
magnetic steel casings used to contain the sophisticated electronic 
measuring devices used when drilling. The internal geometry within these 
devices can be complex and involve functional crevices and also changes in 
section, which can retain deposits, producing crevices. In these elaborate 
devices, localised corrosion is less tolerable than for the relatively simple 
collars. Furthermore, there can be a mixture of metals in electronic contact 
which can exacerbate conditions by galvanic effects. Thus there is need for 
a steel of enhanced resistance to localised corrosion which exhibits the other 
desired properties mentioned previously, these being high strength, low 
magnetic permeability, structural stability and anti galling properties. 

None of the previously discussed steels provide all these desired 
properties. 



The invention sets out to provide such a steel which does have all 
of these desired properties. 

According to the present invention in one aspect, there is provided a non- 
magnetic corrosion resistant high strength steel whose composition by 
weight % includes:- 

CarDon ' up to 0.05% 

Silicon, up to ! 0% 

Manganese, f r0 m 10.0 to 20.0% 

Chromium, f rom -13 5 t0 ig 0 o/ 0 

Nickel ' from 1.0 to 4.0% 

Molybdenum, fr0 m 1.5 to 3.5% 

Nitrogen, from 0.2 to 0.4% 



'o 

'0 
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In another aspect, the invention provides a non-magnetic corrosion 
and galling resistant high strength steels whose composition by weight 
includes 

Carbon up to 0.2% 

Silicon UP t0 1 - 0% 

Manganese from 10.0 to 20.0% 

Chromium from 13.5 to 18.0% 

Nickel from 1.0 to 7.0% 

Molybdenum from 1 .5 to 4.0%; and 

Nitrogen from 0.2 to 0.4%, 

the composition satisfying the formulae:- 

(i) MirWftl e quivalence >1.51 
Chromium equivalence minus 1 4 

and 

(ii) Nickel equivalence + chromium equivalence >35 



A preferred composition by weight % of steels in accordance with 
the invention is carbon up to 0.55%, silicon up to 1%, manganese 12 to 
16%. chromium 14 to 16%. nickel 1.0 to 5%, molybdenum 1.7 to 3.0% 
and nitrogen, 0.2 to 0.40%, balance iron and incidental impurities. 

A further more limited composition by weight % is carbon up to 
0.035%, silicon up to 0.5%, manganese 13 to 15.0%, chromium 15 to 
1 6%. nickel 2.0 to 2.75%, molybdenum 2.0 to 2.5% and nitrogen 0.30 to 
0.40%, balance iron and incidental impurities. 

Preferably, the balance of the composition conforms with the 

following equation:- 

Ni e quivalence > 1-51 

Cr equivalence - 1 4 



when Cr equivalence = %c r + 1 ro/ Ci , 

/our + si + %Mo + 0.1 



and 



2% Mn 



Ni equivalence = o /oNi + 30%Q + 2Q% n 



Additiona.lv, the ba.ance of the composition may conform with the 
following equations : 

Cr equivalence = Cr + 1 5% ei . o/ .. 

, 0/ * ol + % Mo + 0.12% Mn 

and 

Ni equivalence = %Ni + 30% C + 20% N 
and 

Ni equivalence + Cr equivalence > 35. 
where Cr equivalence = % Cr + 1.5% Si + %Mo ; and 
^"'valence - % Ni + 0.5% Mn + 30% C + 30% N. 

In another aspect, the invention provides a non-magnetic 
component for use in directions driliing produced from e nigh sZgl 
corrosion resisten, stee, of composition as specified in any one 0 
Preceding four paragraphs. The component may he a dri„ clr 

It is well known than an essential component of a stainless steel is 

hal de Z in ^ " C ° rr ° Si<>n * ~ * dissolved 

salts,. ,„creas,ng the content of chromium above this value 
progressively improves resistance to corrosion initiation and 

::::: number o( o,her eie ™ ms - — - - - 

effect o. chromium, notably moiybdenum. Both chromium and moiybdenum 
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of carbides can be deleterious .0 corrosion resistance. Nickei has a 
e:louse«ec,on*e,e„dencv f o fg aH i n 9 a„d, hU s n sco„,en,™sta^ 

be ,„w. Nitrogen, however, has no deleterious effect on galung and. 
Lover, in the presence of ehromium. improves resistance ,0 correal 
However the guan,ity c. nitrogen which can be retained ,n a stee, on 
^iiirnitlniessfhereissufficientappropriateaiiovingofthecurren 

Z. While chromium promotes soiubiUty in proporton to „s conte^ 
rimium a„oying aione is insuffieien, and it has ,0 be suppiemented w,,h 
Iganese.Manganese.however.adverseiyeffectsresistancetocorros.on. 

A very careful balance of aUoying is therefore necessary if the 
require d downhoie property balance of the stee, is ,0 be achieved. 

As mentioned previously, o, the desired properties low magne«c 
permeability is paramount and the alloying balance mus, be such that the 
To re I bo* free from delta ferrite and wil, no, be destabi sed by 
.eformation. A number o, methods have been proposed by wh,c th 
structure of a stee, may be predicted from its composmon. These » 
in vo,ved separating the elements into those which ac, simi,a y to c rom 
and those similarly chromium and those similany «o mckel. Each was 
cated an eo,,va,ence factor and by means 0, these the total chrom.um 
equ ivalence and nickel eouivaience are ca,cu,a,ed. The interceptor 0. thes 
1 vaiues on a diagram is reported to show structure mcludrng some 

are used with some success within certain composmon ran e u hav 
pr0 ved ,eas successful eisewhere. One obvious inaccuracy ,s that the same 
q uiva,enceva,ueaareused whether austenite-ferriteboundarresorausten 

ntartensite boundaries are being predicted, which cannot be the case. Fo 
*. ptesen, invention the factors used for the two aspects are no 
ne cessar„y the same as published and the approach has been s.mpl red 
using a simple eouation to predict whether o, not fern.e ,s present a d th 
Jo, facers ,0 indicate a suitable austenite stability. I, is no, beireved 
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that the various factors used will necessarily app.y to other alloy mixes other 
than the range relevant to this invention. 

Applicants has established that an excellent downhole property 
balance is achieved with high strength corrosion resistant steels having the 
following composition by weight: - 



Carbon Up to 0.05% 

Silicon Up to 1.0% 

Manganese 10 to 20% 

Chromium 13.5 to 18% 

Nickel 1.0 to 7.0% 

Molybdenum i .0 to 4.0% 

Nitrogen 0.2 to 0.4% 

In addition, it is preferred that the balance of composition conforms 
with the following:- 

With Nickel ennivalenre ^ -j 51 

Chromium equivalence minus 14 

Where chromium equivalence = % chromium + 1 .5 x % silicon + 
/o molybdenum + 0.12 x % manganese and nickel equivalence = % nickel 
+ 30 x % carbon + 20 x % nitrogen and also with nickel equivalence + 
chromium equivalence >35. 

Where chromium equiva.ence - % chromium + 1 .5 x % silicon + 

t m °' VbdenUm and '**•' ^"-alence = % nice, + 0.5 x % cerbon + 30 
% nitrogen. 

All the above values are percentages by weight with the balance 
essential iron. „ is t0 be understood ^ ^ 

■ncoentaily present in auatenitic stainless steels may be present within the 
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u ♦ , e :n RS970 Part 1. Preferred and more preferred 
limits set for such steels in BS970 ran 

compositions are as follows. 

Preferred 



M" fa Preferred 



Carbon 

Silicon 

Manganese 

Chromium 

Nickel 

Molybdenum 
Nitrogen 



.05% maximum 
1 .0% maximum 
12.0 to 16.0% 
14.0 to 16.0% 
1.0 to 5.0% 
1.7 to 3.0% 
.20 to .40% 



.035% maximum 
.50% 

13.0 to 15.0% 
15.0 to 16.0% 
2.0 to 2.75% 
2.0 to 2.5% 
.30 to .40% 



„ is to be understood that the elements normally present as 
centals In staimess steels may also he present In the ouaotmes normally 
accepted in international standards. 

One example of a steel composition in accordance with the 
invention is: 



C 

0.031 



Si 

0.50 



Mn 
14.86 



Cr Ni Mo N 

15.06 2.46 2.02 0.30 



This steel was forged to form 1 0 metre length bars of 1 80 mm and 
,90 mm diameter by a norma, production technic including hot org.ng 
Z warm straining. The mechanical properties taken from pos.t.ons ,n 
accordance with API 7 Section 6 were: 



0.2% Proof Stress 
U.T.S. 
Elongation 
Reduction of Area 
Charpy 'V (20°) 



118.9 ksi ( MPa) 
139.9 KSI ( MPa) 
37% 
68% 

156, 164, 167 Joules 
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Magnetic permeability was 1.002 and uniformity of this property 
was confirmed by measuring the changing magnetic flux along the bar when 
subjected to a magnetic force of 200 oersteds. Maximum deviation was 
found to be less than 0.05 micro tesla over the whole bar length. 

Resistance to galling was demonstrated by use of the button-on- 
block technique described in ASTM G98. This involves rotating separate 
cylindrical samples under pressure on blocks of similar material. Increasing 
pressures being used until galling is seen. Results are compared with those 
for steels A to B and C in Table 1 below. 



TABLE 1 

Pressure, ksi Steel A 



3.5 

6.5 

9.5 

10 

12 

14 

15 

17.5 

20 

25 

30 

32.5 

35 

36.25 
37.5 
40 
42.5 



Not Galled 
Not Galled 
Not Galled 
Not galled 
Not galled 
Galled 



Steel B 



Not galled 
Not galled 
Not galled 
Galled 
Galled 
Galled 



Steel C 



Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Galled 
Galled 



Steel of the 
present 
Invention 



Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
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It will be seen from this Table that steel B galled at around 1 0 ksi, steel 
A at around 20 ksi and steel C at around 36.25. The steel sample in 
accordance with the invention had not galled at the highest recorded 
pressure, namely 42.5 ksi. 

Corrosion resistance was demonstrated by two accelerated laboratory 
tests. The corrodent chosen was a 20% solution of sodium chloride at 
50°C open to atmosphere. The test sample was a small cylinder and this 
was embedded in a layer of fine sand to simulate severe crevice conditions. 
The sample was connected via an ammeter to an electrode either of copper 
or of type 304 stainless steel; the electrode surface area was 1 50 sq cms. 
The current flow provided an indication of the corrosion occurring. To 
accelerate the test there was an initial period when the test sample was 
polarised anodically at a high current to ensure that corrosion had started 
and was proceeding at a high rate. After stopping polarisation, the current 
flow was monitored until a steady value was obtained and this was noted. 
Values for static and flowing solutions were taken. These are tabulated in 
Table 2 below:- 



TABLE 2 



Steel A 

Steel C 

Steel of the 

present 

invention 



Copper Electrode 
Static Flowing 
mA mA 
4.9 6.4 
4.4 6.8 

0.33 0.15 



304 Electrode 
Static Flowing 
mA mA 

2.1 2.7 

2.2 3.4 



0.50 



0.79 



The test with the stainless steel electrode simulated severe crevice 
conditions and that with the copper electrode the added effect of galvanic 
stimulation. It will be seen from Table 2 that the steel sample of the present 



13 

invention exhibited substantially enhanced corrosion resistance. 

The tests conducted demonstrated that steels in accordance with the 
present invention exhibit a property balance for strength, magnetic 
permeability, galling resistance and corrosion resistance superior in every 
respect to presently available high strength corrosion resistant steels. 

It will be appreciated that the foregoing is merely exemplary of non- 
magnetic corrosion resistant high strength steels and non-magnetic 
components produced therefrom in accordance with the invention and that 
various modifications can be made thereto without departing from the true 
scope of the invention. 
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CLAIMS 

1 . A non-magnetic corrosion resistant high strength steel whose composi- 
tion by weight % includes:- 

Carbon, up to 0.05% 

Silicon, up to 1 .0% 

Manganese, from 1 0.0 to 20.0% 

Chromium, from 13.5 to 18.0% 

Nickel, from 1.0 to 4.0% 

Molybdenum, from 1 .5 to 3.5% 
Nitrogen, from 0.2 to 0.4% 

2. A non-magnetic corrosion and galling resistant high strength steel 
whose composition by weight includes 

Carbon up to 0.2% 

Silicon up to 1 .0% 

Manganese from 1 0.0 to 20.0% 

Chromium from 13.5 to 18.0% 

Nickel from 1 .0 to 7.0% 

Molybdenum from 1 .5 to 4.0%; and 

Nitrogen from 0.2 to 0.4%, 
the composition satisfying the formulae:- 

(i) Ninkel equivalence >1.51 
Chromium equivalence minus 14 

and 

(ii) Nickel equivalence + chromium equivalence >35 

3. A steel as claimed in claim 1 or claim 2 whose composition by weight 
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* » carbon up ,o 0.55%, sflicon up to 1%. manganese 12 to ,6% 
chromium ,4,o 16%, nic.ce, 1.0 ,o 5%. molybdenum 1.7, o 3.0% and 
nrtrogen. 0.2 ,o 0.40%, balance iron and incidental impurities. 

4. A stee, as Caimed in Cairn , or o.aim 2 whose oomposition by weigh, 
* . carbon up to 0.035%, silicon up ,o 0.5%, manganese ,3 ,o 
5.0^, chromium ,5 ,o ,6%. nickel 2.0 ,o 2.75%, moiybdenum 2.0 
to 2.5 A and nitrogen 0.30 ,o 0.40%, balance iron and incidental 
impurities. 

5- A stee. as claimed in any one of claims 1 to 4 wherein the ba.ance of 
the composition conforms with the following equation.- 
N? eouivfllgnro > 1 5 i 

Cr equivalence - 1 4 

when Cr equivalence = %Cr + 1 ro/ c- , n/.. 

/our + 7.5% Si + %Mo + 0.12% Mn 



and 

Ni equivalence = % Ni + 300/oC + 2Q% 



6 N 



3- A steel as claimed in claim 5 wherein the balance of the composition 
conforms with the following equations : 

Cr equivalence = Cr + 1 Roa q; , a , 

w + l.b/o Si + % Mo + 0.12% Mn 

and 

Ni equivalence = %Ni + 30% C + 20% N 
and 

Ni equivalence + Cr equivalence > 35. 

where Cr equivalence = % Cr + 1.5% Si + % Mo - and 

N. equivalence = % N i + 0.5% Mn + 30% C + 30% N. 

A non-magnetic component for use in directional drilling produced from 
h,gh strength corrosion resistant stee. of composition as Caimed in 
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any one of claims 1 to 6. 

A drill collar produced from a high strength corrosion resistant corrosion 
resistant steel as claimed in any one of claims 1 to 6. 

A non-magnetic corrosion resistant steel substantially as herein 
described. 
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